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(U) ABSTRACT 

A microwave interferometry.technique is used to determine 
shock velocities on both sides of a sample—Rohm and Haas' Plexiglas® 
interface.    Particle velocities in the Plexiglas are determined from 
the known Hugoniot for Plexiglas.    These particle velocities with the 
measured shock velocities are used in the impedance -mismatch equation 
to give the particle velocities in the sample.    The shock pressure and 
specific-volume ratios in the sample are calculated for each shock 
velocity giving the Hugoniot parameters of the sample.    Measurements 
were made on a propellant formulation,   the same formulation with the 
oxidizer replaced by potassium chloride,  and Owens-Coming's 
Fiberglas® .    In the inert propellant it was found that the continuous 
phase (binder) has the largest influence on the pressure-specific - 
volume-ratio relation.    The active propellant gave results considerably 
different from the inert propellant at pressures above 20 kbars, 
indicating that reaction of the oxidizer contributes energy to the shock 
front in a non-detonating system. 
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(C)  FOREWORD 

This work was performed under Contract DA-01 -021 AMC- 
15414(Z) for propagation of stress waves in propellants under the 
cognizance of the Propulsion Mechanics Branch, Army Propulsion 
Laboratory and Center,  Research and Development Directorate, 
U. S. Army Missile Command,  and is in support of Defense Atomic 
Support Agency Nuclear Weapons Effects Research Subtask 15.045. 
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Section I.    INTRODUCTION 

The work discussed in this report is a continuation of the 
experimental determination of Hugoniot curves of propellants and 
simulated propellants (l).1   The work was initiated in an effort to 
determine the response of propellant to shock waves with the hope of 
being able to relate the information obtained to the initiation of deto- 
nation in these materials. 

The Hugoniot equation expresses the energy change across the 
shock front.    A common form is 

ei-e0 = l/z (Po + PI)(T0 - n) (*) 

The Hugoniot can be expressed in terms of the shock velocity - particle 
velocity, the shock velocity-pressure, the pressure-volume, or any 
other two variables of state. 

The two measurable variables are the shock velocity and the 
particle velocity.    The shock velocity is measured directly and the 
particle velocity by an indirect technique.    In this work,  microwave 
interferometry is used to measure the shock velocity on both sides of 
a sample Plexiglas®2 interface.    The particle velocity in Plexiglas is 
determined from the known Hugoniot for Plexiglas (2).    The particle 
velocity in the sample is then calculated using the impedance-mismatch 
equation, 

u. p,U,+ p.U. 
_!   =     f  f      --   1 (2) 
u. 2p.U. KC) 

The shock velocity-particle velocity data can be converted into 
pressure-shock velocity and pressure-specific-volume ratio data 
through the following relations: 

P = P„uU (3) 

i-'-v <«> 

I 

lNumbers in parentheses in the text indicate references at the end 
of the report. 

2 Trademark of Rohm and Haas Company,  Philadelphia,  Pa. 
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The work described in reference (1) encompassed measure- 
ments on a polymeric base, 3 the polymeric base containing 20% 
aluminum , and two simulated propellants:   the one contained ammonium 
perchlorate oxidizer and the other contained potassium chloride 
replacing the ammonium perchlorate by weight.    There appeared to be 
significant differences between the two propellant-like formulations. 
These were interpreted as being caused by the energy x -leased by 
reaction of ammonium perchlorate contributing to the forward motion 
of the shock front.    However, extreme scatter in the data for the 
formulation containing active oxidizer precluded definite conclusions. 

In the present work,  improved experimental technique3 have 
been used to eliminate much of the data scatter. 

In addition to the propellant-like formulations,  Hugoniot 
measurements were made on Fiberglas®4.   This is a material typically 
used in rocket-motor cases,and it was hoped that the information 
obtained together with propellant data would give insight into the effect 
of shock waves,  or other energetic stimuli of the same strength, on 
rocket motors. 

^he polymeric base, P-13, was erroneously referred to in (1) as 
a methacrylate.   It is a polyester-styrene formulation. 

4The Fiberglas samples studied were received from Propulsion 
Laboratory with no specification as to the type of Fiberglas.    Fiberglas 
is a trademark of the Owens-Corning Fiberglas Corporation, Toledo, 
Ohio. 
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Section II.    EXPERIMENTAL 

Two propellant-like formulations were studied (Table I).    The 
composition of the active formulation is close in solids loading to 
propellants.    The amount of potassium chloride in the inert formu- 
lation represents a volumetric replacement of the ammonium per- 
chlorate in the active formulation.    In the previous study, the 
replacement had been by weight per cent.» It was felt that a volumetric 
replacement would give a better duplication of the physical state of the 
active formulation.    It can be seen from Table I that the differences in 
composition between a weight replacement and a volumetric displace- 
ment are small and, therefore, it will be of interest to compare the two. 

Table I.    Formulations Used in Hugoniot Studies 

Active Formulation Inert Formulation 

KC1 
NH4C104 

Al 
|   PBAA/ERL 2774 

62.5 
12.5 
25.0 

63.6 

12.5 
23.9 

The instrumentation (Figure 1) was the same as that previously 
described (1) except microwave radiation in K   band at 32.95 GHz and 
a high-pass filter between the crystal detector and the oscilloscope to 
attenuate the low-frequency signal from behind the shock front were 
used.    The experimental setup is given in Figure 2.    Shots were made 
with specimens of 4 X 4-inch square cross sections with lengths up to 
2.5 inches at 0.5 inch increments interposed between a 2-inch-diameter 
by 6-inch-long pentolite booster and a Plexiglas block of 4 X 4 inch 
square cross section,   1 or 2 inches long. 

The oscilloscope was triggered by the ionization probe approx- 
imately  1   inch from the base of the pentolite charge to record« the 
detonation front in the last inch of the pentolite and the decay of the 
shock front through the specimen and the Plexiglas.    Each cycle of the 
recorded signal on the oscillogram represents a displacement 
of the shock front by a half wave length of the microwaves in the 
sample.   In a typical oscillogram for the active formulation (Figure 3) 
the detonation front in the explosive (A), the shock front in the specimens 
(B) and the shock front in the Plexiglas (C) can be seen.    Onegasee 
time marks are shown at the base of the oscillogram in Figure 3.    The 
displacement-time curves from the oscillogram in Figure 3 are shown 
in Figure 4.    Velocity-distance curves calculated from the same oscillo- 
gram are shown in Figure 5. 
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FIGURE  1.     INSTRUMENTATION 
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FIGURE 2.     EXPERIMENTAL SET-UP 



FIGURE 3.     TYPICAL OSCILLOGRAM 

The microwave wave length in the propellants and the Fiberglas 
was determined by counting the number of cycles on the oscillogram as 
the shock wave moved through a known thickness of specimen.    Each 
cycle on the oscillogram corresponds to a half wave length in the 
propellant.    For the inert propellant,  three 2.00-inch samples were 
used.    The number of half wave lengths observed were 25.0,  24.0,  and 
24.5 for an average of 2.07 ± 0.05 mm for a half wave length.    For the 
active propellant,  two nominally 2-inch and three nominally 1.5 inch 
samples were used.    An average of 1.96 ± 0.0 5 mm for a half wave length 
was determined.    For the Fiberglas, two nominally 2-inch and two 
nominally 1.5-inch samples were used.    An average of 2.29 ± 0.05 mm 
for a half wave length was determined.    All data were taken at a frequency 
of 32.95 GHz.    The dielectric constant (3) for poly-methyl methacrylate 
is 2.65.    At a frequency of 32,95 GHz a half wave length in the Plexiglas 
of 2,80 mm is calculated.    The half wave lengths as determined by 
counting the number of cycles in the oscillogram for five nominally 
2-inch Plexiglas samples were all within an error of ± 0.05 mm of 
the calculated value. 

Data from the shots of the inert and the active propellant we" 
curve-fitted by the computer to equations of the form, 
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t = A+ Bs + Cs2 ••• 

and 

t = e 
A + Bs+ Cs2 + .. 

where t is time in usec and s is displacement in half wave lengths. 
Polynomials with degrees 1 through 5 were used depending on the 
number of data points and the amount of curvature.    The function of 
ds/dt or the velocity was calculated and plotted as a function of s. 
The velocity at each interface was determined by linear extrapolation 
to the interface.    Velocities,  calculated from the slope of the straight 
line between data points, were also plotted with the calculated data for 
comparison.    Tables II and III list the velocities determined in the 
above manner for these two propellants.    Figure 6 shows the decay of 
the shock wave velocity in the inert propellant as a function of distance. 
Each trace is calculated from the curve fit of a single shot.    Figure 7 
shows the same results for the active propellant.    Figure 8 compares 
the decay of the shock wave in the inert and the active propellants. 
Each curve is an average of the curves from the previous two figures. 

Table II.    Velocity Data from Inert Formulation 

Shot 
Propellant Plexiclas 

Length Velocity In Velocity Out Length Velocity In Velocity Out 
No. (inch) (mm/usec) (mm/usec) (inch) (mm/usec) (mm/usec) 

19 % 5.68 4.60 2 5.46 2.88 
17 V,  | 5.18 4.74 2 5.88 3.00 
18 Vz 5.39 4.68 2 5.63 2.94 
16 1 5.37 4.39 5.04 3.14 
12 1 5.47 4.39 4.82 3.14 
14 1 5.54 4.41 4.78 3.20 
11 ly2 3.44 3.70 3.11 
13 1% 5.65 3.52 3.86 2.94 
10 iVz 5.43 3.52 3.86 3.06     ; 

9 2 5.64 2.98 3.39 3.08        i 
7 2 !        5.61 2.98 3.31 3.14 

38 2'A   2.78 3.19 3.08 
45 2%   2.80 3.14 3.11 

 1 
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Tab] e III.    Velocity Data from Active Formulation 

Propellant Plexielas 
Shot Length Velocity In Velocity Out Length Velocity In  Velocity Out 
No. (inch) (mm/usec) (mm/usec) (inch) (mm/usec) (mm/usec) 

31 % 6.57 4.96 2 5.69 2.91 
30 Vz 5.86 4.90 2 5.52 2.83 
37 1 5.45 4.78 2 4.54 2.94 
28 1 5.53 4.80 5.10 3.28 
22 J 5.59 4.76 5.10 3.16 
25 1% 5.86 4.17 4.06 2.89 
34 1% 6.00 4.10 4.06 3.00 
23 1% 5.70 4.08 3.95 3.05 
27 2   3.40 3.64 2.97 
35 2 5.74 3,37 3.31 3.11 
21 2 5.56 3.45 3.53 3.00 
44 2l/z   3.02 3.28 3.08 

The data for Fiberglas had too much scatter to curve-fit,  so 
velocities were determined graphically from the displacement-time 
data.    The source of the scatter in the data was spurious changes in 
phase or amplitude of the reflected microwave radiation from the shock 
front.    These changes in reflection may be associated with the laminated 
properties of the Fiberglas    although the dimensions of the layers are 
small compared to a wave length of the microwave.    Different sample 
lengths were made by stacking 0.3 in.   sheets of Fiberglas which intro- 
duced additional interfaces.    However, the same type of results was 
obtained when the sheets of Fiberglas were held together by an epoxy 
similar to the one used in making the Fiberglas.    Table IV lists the 
velocities determined graphically for Fiberglas.    The velocities from 
the Fiberglas determined graphically for shots 48 and 42 were so far 
out of line with the other data that data from shots 49 and 50 were used 
to determine the velocities listed in Table IV. 

10 
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12     16    2 24      28    32       36    40      44     48     52      56     60      64 

DISTANCE (mm/jjLsec) 

FIGURE 8.     COMPARISON OF THE DECAY OF THE SHOCK 
VELOCITY AS A FUNCTION OF DISTANCE FOR 
INERT AND ACTIVE PROPELLANT 
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Table IV .    Velocity Data from Fiberglas 

Shot 
Fiberelas Plexiclas 

Length Velocity In        Velocity Out Velocity In 
No. (inch) (mm/usec)         (mm/^sec) (mm/^isec) 

46 0.295 4.35                     4.35 5.65 
41 0.330 4.76                     3.95 5.08 
20 0.990 4.90                     3.05 4.44 
40 0.994 4.90                     3.69 4.46 
26 1.025 4.44                     3.25 4.59 
48 1.495 4.46                     2.79E 3.44         1 
42 1.482 4.72                     2.79a 3.73 
49 2.096 4.29                      1.92 1           3'13 

50 2.095 4.49                     2.08 3.12 

Obtained from data on shots 49 and 50. 
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Section III.    RESULTS 

Particle velocities in the Plexiglas were determined from the 
measured shock velocity and the Hugoniot for Plexiglas given by 
Naval Ordnance Laboratory in Ref.  2.    This report gives shock 
velocity-particle velocity data obtained at NOLand states that these data 
are more precise than data previously obtained.    However, in cali- 
brating the "standard card gap test, n the authors use the equation 

U= 2.588 + 1.514u (5) 

This differs significantly from the data reported in Table IV of Ref.  2 
(Figure 9 of the present report) but agrees with earlier data cited 
therein.   In general, the data tabulated in Table IV of Ref. 2 have been 
used in the calculations in the present work.    In some cases,  Eq. (5) 
has been used to show how the Hugoniot chosen for Plexiglas can affect 
the values calculated for the sample.    Many experimentally determined 
curves are available for the Hugoniot of Plexiglas (4) and,  since in 
many cases there is little apparent reason for selecting one of them, 
it is necessary that a particular curve be used in all cases where 
comparisons are to be made. 

The values of the measured shock-velocities and derived 
particle velocities on both sides of the sample-Plexiglas interface,  as 
well as the pressures and specific volume ratios, are given in Tables 
V, VI,  and VII for the active formulation,  the inert formulation and 
Fiberglas,  respectively.    The values were calculated using the data 
from Table IV,  Ref. 2,  as the Hugoniot for Plexiglas.    Table VIII 
gives data calculated for the inert formulation using Eq. (5) as the 
Hugoniot for Plexiglas. 

The values for the active and inert compositions- are compared 
in shock velocity-particle velocity,  pressure-shock velocity,  and 
pressure-specific volume ratio curves in Figures 10,   11,  and 12, 
respectively.    Values for the inert formulation calculated using the 
tabulated data from Ref. 2 for the Hugoniot of Plexiglas and those 
calculated using Eq. (5) are shown in Figures 13,  14,  and 15.    It is 
seen that different results are obtained.    For comparison purposes, 
the tabular data of Table IV,  Ref. 2 were used. 

The Fiberglas data are compared with Plexiglas data from 
Ref. 2 in Figures 16,  17, and 18.    Although the Fiberglas data scatter 
considerably, there is a significant difference between these data and 
those for Plexiglas. 

15 
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Table V.    Hugoniot Parameters for the Active 
Propellant Formulations 

u plex plex U 
prop 

u 
prop P 

(mm/usec) (mm/fj,sec) (mm/usec) (mm/usec) (Kbars) T/T0 

5.69 1.86 4.96 1.73 136 0.651 
5.52 1.75 4.90 1.61 125 0.671 
4.54 1.17 4.78 1.00 76 0.791 
5.10 1.50 4.80 1,34 102 0.721 
5.10 1.50 4.76 1.35 102 0.716 
4.06 0.88 4.17 0.76 50 0.818 
4.06 0.88 4.10 0.76 49 0.815 
3.95 0.82 4.08 0.71 46 0.826 
3.64 0.64 3.40 0.58 31 0.829 

!        3.31 0.40 3.37 0.35 19 0.896 
3.53 0.57 3.45 0.50 27 0.858 
3.28 0.37 3.02 0.33 16 0.891 

Table VI.    Hujoniot Parameters for the Inert 
Propellant Formulation 

U . 
plex plex U 

prop u 
prop P 

(mm/usec) (mm/usec) (mm/usec) (mm/usec) (Kbars) TAO 

5.46 1.72 4.60 1,62 118 0.648 
5.88 1.97 4.74 1.90 143 0.599 
5.63 1.82 4.68 1.73 128 0.630 
5.04 1.47 4.39 1.36 95 0.690 
4.82 1.34 4.39 1.22 85 0.722 
4.78 1.31 4.41 1.18 82 0.732 
3.70 0.67 3.44 0.60 33 0.826 
3.86 0.77 3.5? 0.70 39 0.801 
3.86 0.77 3.52 0.70 39 0.801 
3.39 0.47 2.98 0.43 20 0.856 
3.31 0.40 2.90 0.37 17 0.872 
3.19 0.27 2.78 0.25 11 0.910 
3.14 0.20 2.80 0.18 8 0.936 

16 
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Table VII.   Hugoniot Parameters for Fiberglas 

U 
plex 

u i plex 
u 

Fib UFib P 
(mm/nsec) (mm/fisec) (mm/usec) (mm/iisec) (Kbars) VTo 

5.65 1.84 4.35 1.69 135 0.611 
5.08 1.49 3.95 1.36 99 0.656 
4.44 1.11 3.05 1.07 60 0.649 
4.46 1.12 3.69 0.99 67 0.732 
4.59 1.20 3.25 1.14 68 0.649 
3.44 0.52 2.79 0.47 24 0.832 
3.73 0.69 2.79 0.64 33 0.771 
3.13 0.19 1.92 0.19 7 0.901 
3.12 0.18 2.08 0.18 7 0.913 

Table VIII.   Hugoniot Parameters for the Inert Formulation 
Calculated Using Eq. (5) as the Hugoniot for Plexiglas 

plex 
u i plex U 

prop 
u 
prop P 

(mm/usec) (mm/usec) (mm/(jLsec) (mm/usec) (Kbars) T/T0 

5.46 1.90 4.60 1.79 130 0.611 
5.88 2.17 4.74 2.09 157 0.559 
5.63 2.01 4.68 1.91 142 0.592 
5.04 1.62 4.39 1.50 104 0.658 
4.82 1.47 4.39 1.34 93 0.695 
4.78 1.45 4.41 1.31 91 0.703 
3.70 0.73 3.44 0.66 36 0.808 
3.86 0.84 3.52 0.76 42 0.784 
3.86 0.84 3.52 0.76 42 0.784 
3.39 0.53 2.98 0.49 23 0.836 
3.31 0.48 2.90 0.44 20 0.848 
3.19 0.40 2.78 0.37 16 0.867 
3.14 0.36 2.»0 0.33 15 0.882 

Shock velocity-particle velocity and pressure-specific volume 
ratio data for the inert formulation are compared with those of Plexiglas 
in Figures 19 and 20.    While the shock velocity-particle velocity curves 
are very different, the pressure-specific volume ratio curves are sur- 
prisingly similar.    This does, however, agree with results obtained in 
Ref.  1.   The shock velocity-particle velocity curves obtained in this 
work and those from Ref.   1 are compared in Figure 21.    Except at the 
highest values, the agreement is gratifyingly good.   That the new 
experimental techniques have helped to eliminate much of the scatter 
can also be seen in this figure. 
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FIGURE 9.     HUGONIOTS FOR PLEXIGLAS 
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FIGURE  10.     SHOCK VELOCITY VS.   PARTICLE VELOCITY 
FOR ACTIVE AND INERT  FORMULATIONS 
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FIGURE  12.     PRESSURE VS.   SPECIFIC VOLUME RATIO FOR 
ACTIVE AND INERT  PROPELLANT  FORMULATIONS 
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FIGURE 15. PRESSURE VS. SPECIFIC-VOLUME RATIO 
CALCULATED FOR INERT FORMULATION 
USING TWO DIFFERENT HUGONIOTS FOR 
PLEXIGLAS 
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FIGURE 16.     COMPARISON OF SHOCK VELOCITY VS.   PARTICLE 
VELOCITY FOR FIBERGLAS AND PLEXIGLAS 
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FIGURE 18.     COMPARISON OF PRESSURE VS.   SPECIFIC- 
VOLUME RATIO FOR FIBERGLAS AND PLEXIGLAS 
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FIGURE  19.     COMPARISON OF SHOCK VELOCITY VS.   PARTICLE 
VELOCITY  FOR INERT  FORMULATION AND 
PLEXIGLAS 
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FIGURE 20. COMPARISON OF PRESSURE VS. SPECIFIC- 
VOLUME RATIO FOR INERT FORMULATION 
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FIGURE 21.     COMPARISON OF HUGONIOT DATA OBTAINED IN 
THIS WORK WITH THAT  FROM REF.   (1) 
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Section IV.    DISCUSSION 

Many different Hugoniots have been determined for Plexiglas 
(4).    These different Hugoniots for Plexiglas will give different 
Hugoniots for the materials under consideration when the experimental 
method discussed here is used.    As long as one set of Plexiglas data 
is used consistently the method can be used to compare different 
materials.    The Plexiglas data chosen here (2) were obtained more 
recently than most of the other data,under careful experimental 
conditions.    However, the lack of a precise knowlede of the Plexiglas 
Hugoniot points out the need for a different method of measurement of 
Hugoniots of other materials than the one reported here. 

Comparison of the decay curves for the inert and active 
materials (Figure 8) shows definite differences.    The decay of the 
shock velocity is slower in the active formulation.    Since the only 
difference between the two formulations is the substitution,  in the 
inert formulation,  of a volumetric equivalent of potassium chloride 
for the ammonium per chlor ate oxidizer of the active formulation, 
physical differences between the two should be small.    It is postulated 
that the slower decay in the active formulation is caused by reaction of 
the amrronium perchlorate behind the shock front in a time sufficiently 
short  that   some      energy is contributed to the forward motion of the 
front.    This energy is insufficient to maintain the shock velocity at a 
steady value, and as the strength of the front decreases the reaction rate 
of the ammonium perchlorate decreases.    The decay curves of the two 
formulations should approach each other at low shock velocities. 

The shock velocity-particle velocity (Figure 10),   shock velocity- 
pressure (Figure 11),  and pressure-specific volume ratio (Figure 12) 
curves for the two formulations also show differences. , It can be seen 
in these figures that the Hugoniots of the two formulations do approach 
one another when the shock pressure is below 10-20 kilobars or the 
shock velocity below about 3 mm/usec.    These results indicate that 
care must be used in measurement of Hugoniot data in formulations 
containing a reactive ingredient even in geometries where the material 
will not detonate.    Although the active and inert formulations seem to 
give similar data below 10-20 kilobars this might not be true for other 
formulations.    This point would have to be established for any given 
material before data obtained at low shock pressures could be used as 
the nonreactive Hugoniot of the material. 

Although the shock velocity-particle velocity curves (Figure 19) 
of the inert formulation and Plexiglas are quite different, the pressure- 
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specific volume ratio curves (Figure 20) are quite similar.    This 
indicates that the continuous phase in the propellant has the strongest 
effect in determining the response to shock waves.    If anything,   the 
propellant formulation is slightly less compressible, which is the effect 
expected from the addition of solids to the polymeric base. 

Fiberglas appears to be slightly more compressible than 
Plexiglas (Figure 18).    The data scatter so much in this case that no 
definite conclusions can be drawn. 
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Section V.    CONCLUSIONS 

While the microwave-interferometry technique is a good one 
for measuring shock velocities,  the Hugoniot parameters derived from 
the data depend on the Hugoniot for Plexiglas which is not firmly 
established.    The data obtained should be used mainly for comparing 
Hugoniots of different materials and not as absolute values.    Develop- 
ment of a method which measures both shock velocity and particle 
velocity in the material in question would be necessary for the latter. 

Reaction behind the decaying shock front in a system containing 
reactive components contributes energy to the front and slows its 
decay.    A true non-reactive Hugoniot cannot be obtained from a non- 
detonating but reactive system except at very low shock pressures. 

The continuous phase in a propellant seems to be the principal 
determining factor for the compressibility by shock waves.    A con- 
tribution of the solids-loading is apparent in the slightly smaller 
compressibility of the propellant compared with unloaded polymer. 
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GLOSSARY 

Symbols List 

e Specific internal energy 

p Pressure 

,. Specific volume 

p Density 

u Particle velocity 

u Shock velocity 

s Displacement 

t Time 

Subscripts 

0 Unshocked state 

1 Shocked state 

f Receiving or refracting medium 

i Incident medium 
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